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The spin- 1 Kemmcr-Duffh-Petiau equations arc described and
a plied to &ute.ron-nucleus scattering.Comparison with d + S8Ni
1’e astic scattering data ●t 400 McV shows that the KDP model

reproduces experimental spin obsuvables very well.

The success of the Dirac equation in describing intertncdhte-energy pmton-

nucleus scattering~) encourages the use of relativistic wave equations in treating other

nuclear probes. Recently the Kemmcr-Duffln-Petiau (KDP) fonmdism2), which yields
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frost-order quations for both spin-O and spin-1 particles, has been applied to pion-nucleus

and kaon-nucleus scattering). The KDP approach has so far yielded results that are

similar to those obtained from standard treatments of meson-nucleus scattering. It should

be remembered, however, that the most dramatic differences between the Dirac and

SchrOdinger approaches to proton-nucleus scattering occur in the spin observable, which

do not exist fcx the scattering of spin-O particles fkom spinless nuclei. For this reason, and

for those mentioned in Ref. 3., wc now apply the KDP formalism to the scattering of spin-

1 probes. Here wc will give a brief description of the spin-1 KDP formalism followed by

an application to deuteron-nucleus scattering. We fmd that the KDP-based deuteron-

nucleus optical potentials are in C1OSCagreement witi those obtained by Yahiro et al.4),

using the usual Watanabe approach to d-A scattering. The model is also used to calculate

d + 58FJi scattering obsmwables at 4(X)MeV.

The free-particle KDP2) is

A 16x 16 representation for ~“ that satisfies Eq. (2) is

(1)

(2)

(3)

where I is the 4 x 4 identity matrix, the # are the Dirac matrices, and @indicates an outer

product. The numerical subscript indicates the space in which a given matrix operates.

The representation given by Eq. (3) i~ reducible and can be decomposed into three

irreducible representations: ● onc-dhmnsional representation in which all ~“ = O, a five-

dimensional one that results in a set of spin-O equations, and a t~n-dimensional

representation that gives a set of spin- 1equations. For the k-particle spin-1 case, v is a

ten-component vector #ven by (Ah, W’) where the Au satisfy t!w free-particle Proca

equation and W = *AV - N’A~.

As with the Dirac equation, an interaction U can be introduced into the KDP

formalism yielding



(i~%g-m-U)V=O . (4)

Like the spin-O case, the most general form of U contains two scalars and two vectors 6).

The two scalars are given by the 10 x 10 identity matrix I and the ten-dimensional

projection matrix, P = diag (1,1,1,1,0,...0). The two vectors are ~Uand @~ = P~~-(3VP)

heuristic argument, employing the two-body nature of the dcuteron sugg~ ‘ts the use of the

following form of the deuteron-nucleus interaction~:

uD~=2sN(E.# +2v%#)p0 , (5)

where the N(D) superscript represents a nucleon (deuteron)-nucleus potential and ED is

the deuteron energy in the cm. frame. We note that this choice is of the same form as the

usual Watanats model when zero-range deutemn wave-functions are assumed.

With this choice, Eq. (4) can be used to derive an effecavc three-component

equation of the form

(6)

with ~ = k; + 4, where mD is the deuteron mass. Terms of order m# are neglected

in Eq. (6). The expressions for the central and spin-orbit potentials are given by

(suppressing energy dependence),

qu~-4[%sN+(sNt+ %~-(@f] , (7a)

(7b)

where small tams involving derivatk have been neglected in Eq. (7a).

In obtaining Eq. (7b) we have written the mixed tensor term in terms cf (SOP

(S “1? rather than ~o?)E o~ or as aCartesiantensor of thetypediscussed by Satchle#).



(i~”~~-rIl-U)V=O . (4)

Like the spin-O case, the most general form of U contains two scalars and two vectors@.

The two scalars are given by the 10 x 10 identity matrix I and the ten-dimensional

projection matrix, P = diag (1,1,1,1,0,...0). The two vectors are (3Mand @P = P~$~~P)

heuristic argument, employing the two-body nature of the deuteron suggests the use of the

following form of the deuteron-nucleus interaction~:

uD(EJ.2slE#+2 vN(E#)p0 , (5)

where the N(D) superscript represents a nucleon (deuteron)-nucleus potential and ED is

the deuteron energy in the cm. frame. We note that this choice is of the same form as the

usual Watanabe model when zemrange deuteron wave-functions are assumed.

WMI this choice, Eq. (4) can be used to derive an effective three-component

equation of the form

(6)

with ~ = k; + n#, where mD is the kutCfOn mass. Turns of order mD-3 are neglected

in Eq. (6). The expressions for the central and spin-orbit potentials are given by

(suppressing energydependence),

2E#&.4[%ls”+(sNf +E#w9q , (7a)

(7b)

where srnaU terms involving derivafbtcs have been negkcted in Eq. (7a).

In obtaining Eq. (7b) we have written the mixed tensor term in terms of (SOP

& ●T! mther than ~~ ~ ● ~ or an ● Cattesian tensor of the type discussed by Satchle#.



The various ways of choosing to write the mixed tensor term constitute, in effect, different

approximations as wc neglect the contributions of terms of the foxm (S.r)z, (SIP (307, or

(S”7(S@. Each choice for the mixed tensor representation produces a different spin-orbit

term. For example, if we choose the representation (S”3 (S o~ , then the effective spin-

orbit potential,

2E~~O=-~ -$ln (~+2SN) , (7C)

is independent of the scalar potential. Lfno contribution from the mixed tensor term is

included in the spin-orbi~ then we obtain,

2~@m=-~-$ln(~+2SN) , (7d)

Witichdepends only on the scalar potential. Calculations using these different spin-orbits

give similar results for deutercm-nucleus observable, with the form given by Eq. (7b)

yielding the bt agreermmt with the spin masummnu.

Relativistic deutcron-nucleus scamring has also Ixcn consideral by Shepard,

Rest, and Murdock9)’ employing the Bmit equation, and Santos and collaborators, who

use the Rota and Weinberg quaticm]o~. In each of these studies, parameters were varied

in order to fit tne deutcron-nucleus data. Our KDP-ba.sedcalculation, in contrast, is

parameter-fkcein the sense that once the nucleon-nucleus pxentitds have been fmcd by

fitting protcm-nuclew~ no other parm=tcrs arc vexkl ?lds provides a clear ast of the

validity of ● relativistic one-lmdy description of dtwcron-nucleus scattering data and

indicatesthatthe maklhas@iCdve power.

The scalar and vector nuckm-nucleus optical potentials, chosen so fit p+
40Ca data at 200 MeV, are scaled to represent p + S8Ni, as was done in Ref. 4. The

efftxave KDP cenU81and spin-orbit potentials are mod in the Sch.rddingcr equation with

relatit .stic kinematics and the d + % elastic scattering obscrvables are calculated. The

results are shown in Fig. 1,along with tbe data of Ref. 11. The spin obsaables obtained

using ~. vw are particularityWCUnqxesentecLti = quite StiU to the rGSUltSof Rcft

4. The effect of usi.ug the different forms for the spimwbit can be seen in Fig. 1. The

deviation of the calculated cmxs sections from the data at larger angles is an expected

feature of the model, as it contaim for example, no contihti~ km tip.
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F1 . l.~e-~g*tiia fmd+~Mm~Ma mtig Weff=tivc
d P cena’alad spin-t potentials of Eq. (7). The calculations shown by the smooth
lines wc the spin+

r
tial of Eq. ~), the dulwd lines use Eq. (7c), md thedashcd-

dotted lines uwEq. f7 . T&dam 8rcb Ref. 11.

We have deecribed tie spin-1 KDP fcmmhm and used it to calculate

deuteron-nuckus optical potentials. We have also found good agreement with dmmron-

nucleus data fcx saNi ●t ~ MeV with the spin obsenmbles being particularly well

~~ It tiu8 ~ pfWZddngthat the KDP fomalism can provide a relativistic
thmewosk in which to analym deumxt-nucleus scmtedng.
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